Growth of Legionella species in a defined medium deficient in iron did not result in the production of phenolic or hydroxamate siderophores which could be detected by chemical or biological assay methods. Growth of a variety of other gram-negative organisms under the same conditions resulted in the production of both hydroxamate and phenolate siderophores. The iron-deficient medium limited growth of the Legionella species more severely than it did the growth of the other gram-negative organisms. We have concluded that Legionella species do not make the commonly recognized siderophores, probably because they are restricted in their growth to those environments in which inorganic iron is readily available or is supplied in a form bound to an unknown carrier.
Iron is a required nutrient for the growth of Legionella pneumophila (19) , as it is for other microorganisms. Under iron-limiting growth conditions, some bacteria and fungi can excrete special compounds which aid in the solubilization and transport of iron. These compounds, called siderophores, can be grouped into two main chemical classes, hydroxamates and phenolates (12) . It has been proposed that mechanisms that aid in the acquisition of iron from host tissues can contribute to the virulence of microorganisms (27) . The ability to elaborate siderophores has been implicated in the virulence of Escherichia coli (21) , Salmonella typhimurium (28) , Neisseria meningitidis, Neisseria gonorrhoeae, Haemophilus influenzae, and Pseudomonas aeruginosa (14, 29) ; however, siderophore production may not be as tightly linked to pathogenicity as these studies would suggest (11) . A preliminary report has stated that L. pneumophila produces at least two different catechol-type siderophores during growth in an iron-deficient, chemically defined medium (W. J. Warren and R. D. Miller, Abstr. Annu. Meet. Am. Soc. Microbiol. 1980, D67, p. 49).
We are studying the factors that contribute to virulence in Legionella, and as a part of the study, we have examined a number of Legionella strains for the production of phenolate and hydroxamate siderophores during iron-limited growth. Neither type of siderophore was detected in any of the Legionella strains under conditions of growth that stimulated the production of these compounds in other species of gram-negative microorganisms.
MATERIALS AND METHODS
Strains. All Legionella strains were obtained from W. B. Cherry, Center for Infectious Diseases, Centers for Disease Control, and were maintained on charcoalyeast extract (CYE) agar as described (5, 19). The strains, listed in Table 1 , represent most of the known species and serotypes of this organism. Other gramnegative organisms used in this study are listed in Table 2 and were maintained on heart infusion agar slants (Difco Laboratories, Detroit, Mich.). These strains were obtained from W. K. Harrell and R. E. Weaver, Centers for Disease Control, with the exceptions of E. coli AN102, Aerobacter aerogenes 62-1, and S. typhimurium LT2 enb-7, which were obtained from the Department of Biochemistry, University of California, Berkeley. S. typhimurium was used as an indicator strain in a biological assay for siderophores as described by Luckey et al. (10) .
Media and growth conditions. All strains were passed three times in a liquid chemically defined medium (CDM; Table 3 ) which was formulated for the growth of Legionella species (19) . Third-passage material was divided into aliquots, stored at -65°C, and used as inoculum in these experiments. For the production of siderophores, a frozen aliquot was passed once in CDM and then once in a metal-deficient defined medium (MDDM) in which the trace metals listed in Table 3 were omitted from the CDM. The MDDM passage material was then used as inoculum for a second MDDM in which only iron was omitted and the other trace metals were present at concentrations 10-fold less than those shown in Table 3 (1/10-MDDM). Siderophore assays were performed on supernatants from the 1/10-MDDM cultures after the cells had been removed by centrifugation (12,000 x g for 30 min) and the supernatants had been sterilized by membrane filtration (0.45-,um filter, Millipore Corp.). (18) . Precautions were taken to ensure the purity of the cultures as described (19) . In addition, all Legionella cultures were screened for the inability to grow on blood agar. Siderophore assays. Catechol-type phenolates were measured on ethyl acetate extracts of the culture supernatants by the Arnow assay (2) with 2,3-dihydroxybenzoic acid (DHBA; Aldrich Chemical Co., Milwaukee, Wis.) as the standard. Ethyl acetate extracts were prepared by extracting 20 ml of supernatant twice with an equal volume of solvent at pH 2. The extracts were pooled, dried with a stream of air, and dissolved in 1 ml of ethanol. A general spectrophotometric assay for phenolates in the Legionella ethyl acetate extracts were performed using a modification of the ferric chloride-ferricyanide reagent of Hathway (9) . The reagent was prepared by adding 1 ml of 0.1 M ferric chloride in 0.1 N HCl to 100 ml of distilled water, and to this was then added 1 ml of 0.1 M potassium ferricyanide. For the assay, 1 volume of reagent was added to 1 volume of sample, and absorbance was determined at 560 nm for salicylates and at 700 nm for dihydroxy phenols. Sodium salicylate (Fisher Scientific Co., Pittsburgh, Pa.) was the standard for absorbance at 560 am, and DHBA was the standard for absorbance at 700 nm. Hydroxamates were measured in the untreated culture supernatants by the method of Csaky (4) after hydrolysis with 3 N sulfuric acid at 120'C for 30 min and neutralization with 35% anhydrous sodium acetate (0.75 ml/0.5 ml of hydrolysate). Hydroxylamine hydrochloride (Fisher Scientific Co.) was used as the standard. An attempt was made to use the modification of this assay by Gibson and Magrath (8) in which the sodium acetate step is omitted, but complete color development was not observed with the hydroxylamine standard. It was later found that buffering the sample with sodium acetate after sulfuric acid digestion was necessary for the development of color in this assay.
A bioassay for siderophores was performed with S. typhimurium enb-7 essentially as described by Luckey et al. (10) . This strain is blocked in enterobactin biosynthesis but will grow in a citrate medium if either a hydroxamate or phenolate siderophore is present. An overnight culture of enb-7 grown in the minimal salts medium of Pollack et al. (17) was diluted 1:10 in sterile water, and 0.1 ml of this was used to seed 20 ml of warm (45°C) Vogel-Bonner citrate medium (25) which contained 0.5% glucose and 1% purified agar (Difco). Sterile filter-paper discs (13 mm) were placed on the surface of the seeded agar medium, and each disc was saturated with a separate test substance. The plates were incubated at 35°C for 72 h in a moist atmosphere, and a positive result was indicated by a halo of growth around a disc. DHBA (10 F.M) was used as a positive control.
Two bioassays for siderophores with the Legionella strains were also performed. In the first, culture supernatants and ethyl acetate extracts of those supernatants were examined for their ability to stimulate the 325 VOL. 154, 1983 on October 28, 2017 by guest http://jb.asm.org/ growth of small inocula in 1/10-MDDM. The supematants were added to the medium in concentrations ranging from 1 to 10%o. Ethyl acetate extracts were used at 0.3%, and an ethanol control was included in the assay. The inoculum used for this assay was first passed in MDDM. The amount of inoculum used varied with the strain but was generally low enough to result in a lag period of 24 to 36 h. In the second assay, the test supematants and extracts (used at 1 and 0.3%, respectively) were examined for their ability to stimulate growth in a CDM in which only iron was omitted and which contained the iron chelator ethylenediamine-di(O-hydroxyphenyl acetic acid) (Sigma Chemical Co., St. Louis, Mo.). This chelator was used at a concentration of 0.5 Fjg/ml after being deferrated by the method of Rogers (21) . The inoculum for this assay was an MDDM culture, and sufficient cells were inoculated to give a starting absorbance of 0.1 at 660 nm. Final cell yields of Legionella in the iron chelator medium were generally 50 to 60%o less than those observed with CDM.
RESULTS
Chemical assays for siderophores. Preliminary experiments with L. pneumophila Philadelphia 1 (CYE passage strain, Table 1 ) grown in MDDM did not show the production of either phenolate or hydroxamate siderophores. This raised the question of the ability of the Legionella defined medium to support siderophore synthesis. Experiments were conducted with several other gram-negative species which could grow in this medium without the addition of glucose. Two of these strains were known siderophore producers: E. coli AN102 produces a catechol but not a hydroxamate siderophore, and A. aerogenes 62-1 produces both types. Parameters such as pH, temperature, aeration, iron concentration, concentrations of other metals, and phase of growth were also examined for their effect on siderophore production. All strains were passed once in MDDM to reduce their endogenous stores of metals. The concentration of iron in MDDM was about 0.3 to 0.5 ILM (19) . The MDDM culture was then used to inoculate a CDM which was deficient only in iron, and production of one or both siderophore types was observed with all of these strains during growth in this medium (Table 2). When the concentration of the other trace metals was reduced 10-fold in this iron-deficient medium (1/10-MDDM), the production of siderophores by each strain was increased (Table 2) . Adjustment of the initial pH of 1/10-MDDM to values ranging from 6.5 to 7.5 had no real effect on siderophore production with these strains. Growth at either 25 or 35°C resulted in similar levels of both types of siderophores. Growth in foil-covered and shaken flasks resulted in significantly greater amounts of both types of siderophores than growth in rubber-stoppered or unshaken flasks. Maximum siderophore production for all strains generally occurred very late in the stationary phase of growth.
Based on these results obtained with the strains in Table 2 , the Legionella strains were examined for siderophore production in 1/10-MDDM by the protocol described in Materials and Methods. The culture supematants of these strains were routinely negative for hydroxamate and phenolate (catechol and salicylate) siderophores. Also, the L. pneumophila Philadelphia 1 egg-passage strain with enhanced virulence for guinea pigs (greater than 1,000-fold when compared to the same strain which had been grown on laboratory media, Table 1 ) showed no siderophore production. The supernatants were also assayed for hydroxamates after they had been concentrated 30-fold by freeze-drying. Absorbance values ranging from 0.08 to 0.13 were observed; however, similar absorbance values were obtained with uninoculated defined medium which had been similarly concentrated. All of the ethyl acetate extracts of the Legionella cultures produced a deep blue color reaction in the ferric chloride-ferricyanide assay; however, the same color reaction was observed with extracts of the uninoculated defined medium. When these extracts were chromatographed on Table 2 to the medium in this assay (1% final concentration) resulted in a 50 to 70% reduction in the growth of the Legionella strains. When purified enterochelin (1 ,g/ml), rhodotorulic acid (10 ,ug/ ml), or ferrichrome (10 ,ug/ml) was added to the medium in this assay, growth of the Legionella strains was completely inhibited. (29) .
The finding that siderophore production in the non-Legionella gram-negative strains was also controlled by metals other than iron ( Table 2) suggests either that some metals can partially substitute for iron in these species, or that one or J. BACTERIOL. more of these metals may interfere with the signal that triggers siderophore production. The synthesis of hydroxamates by two of the three E. coli strains used in this study was unexpected (strains K-12 and 0111:B4, Table 2 ); however, hydroxamate production has been previously reported in a number of E. coli strains isolated from a variety of sources (23) . Preliminary evidence indicates that the hydroxamates in strain 0111:B4 are aerobactin and aerobactin side chain (unpublished data).
The results of this study are in conffict with the report that Legionella can produce more than one type of catechol siderophore (Warren and Miller, Abstr. Annu. Meet. Am. Soc. Microbiol. 1980, D67, p. 49). The reasons for this discrepancy are not known; however, our results did confirm the observation in this report that siderophores from other gram-negative species will inhibit the growth of Legionella strains. The details of the methods used in this report have not been published; however, the defined medium that was used (26) is very similar in composition to the defined medium used in this study.
Legionella species occur naturally in a water environment (6) . Metal analyses of surface water samples from Georgia have shown that they contain the minimal amount of soluble trace metals that will support the growth ofLegionella (unpublished data). Tison et&l. (24) have reported recovering Legionella from naturally occurring colonies of the blue-green algae or cyanobacteria. Growth in close association with algae could conceivably provide Legionella with required concentrations of all needed amino acids (7) and trace metals. Such an environment would preclude the evolutionary stress needed to develop a siderophore in this organism.
In the absence of a siderophore, the uptake of iron by Legionella may be facilitated by chelators in the cell wall. Some natural components of the bacterial cell wall can chelate iron and other metals (3) . The accumulation of metals within the area of the cell wall would provide a ready source of metals for transport across the cell membrane by mechanisms which have not yet been determined.
